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ABSTRACT 
Air cooled steam condensers are one variant of commercial 
condensers used in a variety of industrial practices. Where such 
units operate in climates which experience sub-freezing tempera- 
tures they are to be designed to protect themselves from freezing. 
Steam condensers for such duties are thus manufactured with a 
final upflow section in which upward flowing steam is condensed 
inside tubes and its condensate is allowed to flow down counter- 
currently against the upflowing steam. This is intended to en- 
sure the contact of condensate to steam at all points and hence 
prevent the freezing of the condensate. 
In the normal case of a steam condenser, the original evap- 
orated water contains a small fraction of air. The slight solu- 
bility of air in the original water amounts to a significant 
faction of the total gaseous components at the exit chamber of 
the upflow section. This is due to the air content remaining 
constant after the majority of steam has been condensed. The 
weight fraction between air and steam is thus large at the exit 
of the condenser. Furthermore, this air content will cause 
unstable or non-uniform condensation behavior in the upflow sec- 
tion, the effect of which is to eliminate the advantages of 
counter-current flow. In winter then this non-uniform behavior 
has lead to condensate freeze-up. 
The purpose of this work was to investigate the instability, 
to document its existence in a coherent manner and to develop an 
experimental laboratory apparatus capable of measuring the effect 
A non-flow apparatus was developed in which steam-air mixtures 
were condensed in vertical tubes entering from the bottom. The 
apparatus exhibited the non-uniform behavior referred to above. 
The following results were obtained: 
1. The instability is due to the non-condensable 
gas phase which is denser than the condensable 
vapor phase. 
2. The pressure profiles in the condenser tubes 
guarantee instability in the system. 
3. The instability may be affected by changing the 
momentum flux of vapor delivered to a condenser 
tube. 
INTRODUCTION 
The engineering analysis of condensation is a well  estab- 
lished one which was initiated in the classic paper of Nusselt 
[1].    This paper established the hydrodynamic basis of conden- 
sation heat transfer.    However,  it dealt only with the prediction 
of the heat transfer coefficient on a vertical  surface for pure 
vapor with a laminar   condensed'    film without vapor drag forces 
acting.    Since that time a multitude of analyses and data have 
been established to determine the effects of such variables as 
noncondensable gas content, vapor shear, condensate turbulence, 
condensate rippling,  roll  waves and local   instabilities. 
The Nusselt analysis presumed that the relative velocity at 
the liquid-vapor interface was so small   that there would be no 
shear forces acting at liquid-vapor interface.    The film flows 
down under gravity but is  retarded by a shearing force because 
of the viscosity of the liquid.    The latent heat freed by con- 
densation passes through the film from the condensing vapor to 
the wall.    The-fluid resists  this heat flow because of the finite 
conduction of liquids.    Therefore,  an appreciable temperature 
drop   occurs across the film.     If there  is no noncondensable gas 
present,   t he   temperature of the film surface is equal   to 
that of the saturation vapor and where the film is  in contact 
with the cooling surface,  its temperature is equal   to its sur- 
face temperature. 
However, when air is in presence, the temperature of free 
surface of the film will be equal to the saturation temperature 
of the steam at a pressure equal to its partial pressure at the 
steam/vapor interface. Since the saturation temperature at the 
interface decreases as its saturation pressure falls, the temp- 
erature difference between the wall and the interface becomes 
much smaller when air is present. Therefore, less heat will be 
transferred and less condensation will proportionally occur. 
Sparrow and Lin [2] show that the presence of a small amount 
of air (a few percent by volume) can cause a large buildup of 
air at the liquid-vapor interface. A consequence of this build- 
up is that the heat transfer may be reduced by 50% or more in 
the presence of a small amount of air. 
Hayakawa, Kawasaki and Muraki [3], in their work for con- 
densing vapor on a vertical surface in the presence of air 
show that the flow rate of vapor, the vapor content in the gas 
phase and the wall temperature all change along the axis of a 
condenser. 
In general, with noncondensables it is found that the re- 
sistance to mass transfer in the gas phase usually controls the 
condensation rate for the condensation of a single vapor in the 
presence of gas. The local mass transfer coefficient in the 
gas phase decreases continuously as the vapor/gas flow rate de- 
creases due to vapor condensation. Evidently the rational design 
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of condensers with gases present is a difficult undertaking. It 
is not surprising that empiricism is often introduced. For ex- 
ample, the condensing heat transfer coefficient on a horizontal 
tube was usually expected to be larger than on a vertical tube 
since one does not integrate the accumulated condensate film in 
the former case. This view has been challenged by Kirkbride [4]. 
Design basis for condensers can have a rational essence. 
For example one can calculate the mean condensate thickness under 
a multitude of conditions for example Dukler [5], Kosky [6] and 
can account for variables such as vapor shear on the film 
(Carpenter and Colburn [7]). 
Notwithstanding these remarks, it remains that much of this 
work is academic in character and does not necessarily relate to 
industrial condensers. One industrial condenser that is employed 
in some numbers is the so-called "air cooled condenser". It is 
attractive because of its simplicity. Steam is directly condensed 
inside the tube by blowing or sucking atmospheric air across the 
outside of the tubes. For the usual reasons of balancing thermal 
resistances, the outside of the tubes are normally heavily finned. 
In most instances, the air flow across them is driven by a fan 
which is often interlocked with a pressure transducer. The pur- 
pose of the transducer is to sense a rise in the pressure of the 
condenser if insufficient steam is condensed. This can occur in 
hot weather when the ambient air temperature rises. By turning 
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on the fan or modulating the fan speed (or pitch) the air flow can 
be controlled so that the steam in the condenser is condensed at 
the design condenser pressure. 
Air cooled steam condensers which operate in climates where 
the air temperature falls below freezing generally have an upflow 
section at their exit. (The schematic in Figure 1 omits the finning 
and multitube rows in the normal industrial condensers.) The con- 
denser has two sections, a downflow section in which the flow of 
steam and its condensate are co-current and a smaller upflow section 
in which the condensing steam rises countercurrently to its falling 
condensate. The object of the upflow section is to avoid freeze- 
up during winter weather by contacting the falling condensate and 
the steam rising in the last stages. 
In the normal case of a steam condenser, the original evapor- 
ated water contains a small fraction of air. The slight solubility 
of air about 2% (by volume) in the original water 
[2] amounts to a significant fraction of total gaseous components at 
the upper chamber of the upflow section (see Figure 1). This is 
due to the small mass of air remaining constant while the majority 
of steam is condensed. The weight fraction between air and steam 
is large at the upper chamber. Furthermore, due to the low density 
of warm steam (molecular weight 18) supporting a column of cold 
denser air (molecular weight 28.8), an instability occurs inside 
the condenser tubes which manifests itself in self-sustained 
oscillations of whole condenser tubes in the upflow section. In 
effect a cold column of air in one tube will fall depressing the 
steam/air interface in that tube. Continuity demands that the ex- 
pelled steam is forced up a parallel tube raising the level of the 
steam/air interface in that tube. 
In the application cited i.e. winter operation, this oscilla- 
tion introduces the problem that the upflow section was expected to 
prevent-freeze-up. For example, the oscillation cycle will permit 
condensate to contact noncondensable gas within the condenser. 
Since the partial pressure of the steam is low, the condensate will 
rapidly cool. Furthermore, the oscillation may cause the condensate 
to contact chilled condenser tube walls. Freeze-up follows in short 
order and the condenser system suffers serious damage. (It is 
worth noting that pressure in the condenser will rise if the con- 
denser tubes are ice blocked. With the normal control mechanism 
this will automatically increase the air flow rate and thus accel- 
erate the freeze-up.) 
The purpose of this work is to investigate this instability, to 
document its existence in a coherent manner and to develop an ex- 
perimental laboratory apparatus capable of measuring the effect. 
The longer term objective is to develop sufficient data so that 
they may be compared to analytic models of the flow behavior. 
DESCRIPTION OF APPARATUS 
To simulate the condenser shown in Figure 1, it was decided to 
build a closed circuit multitube condenser as shown in Figure 2. 
The original design had eight condenser tubes in parallel mounted 
between a boiler heated by immersion heaters and a upper chamber 
vapor space. Steam thus raised in the boiler is condensed by blow- 
ing cooling air across the outside of the condenser tubes. This 
flow is measured by an orifice meter and water manometer. Varia- 
tion of air flow can be obtained by a movable damper at the inlet 
of the blower. It was soon discovered that the characteristics of 
available blowers were inadequate to cool all eight tubes; thus it 
was decided to block off the air flow to all but two adjacent conden- 
ser tubes. The extra tubes were then internally sealed at both ends 
so that no steam or water could enter them. 
The evaporated steam is condensed on the inside of the conden- 
ser tubes (Figure 3a) in which it runs back to the boiler vessel by 
gravity. Countercurrent flow in this condenser can thus be main- 
tained. 
The two stainless tubes used as condenser connecting the boiler 
vessel and the upper chamber have dimensions as follows: 
ID = 9.5mm 
OD = 11 mm 
Length = 457 mm 
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The upper chamber is used as a reservoir for air so that the initial 
air concentration is known by a simple gas law calculation knowing 
the volumes of the upper chamber and free volume in the boiler over 
the free water surface. The system pressure was measured on a stan- 
dard Bourdon tube gauge. Air could be pumped in or evacuated from 
one of several ports provided in the upper chamber. 
Temperatures throughout the apparatus are measured by using 
copper constantan thermocouples. The motion of steam-air interface 
was monitored by coupling the output of a pertinent thermocouple 
to a strip recorder. An ice junction was used between thermocouple 
switch and strip recorder as a constant reference source. Location 
of thermocouples is shown in Figure 3b. 
Tl above liquid pool 
T2 in tube center x =254 mm 
T* 3 in tube wall x =406 mm 
* 
T4 in tube center x =408 mm 
T5 in upper chamber 
T6 cooling air lower rear 
T? variable height, attached 
condenser tubes 
to 
Note: T3 and T4 could be moved along tube axis. Variable posi- 
tions were between 0<x< 406 mm. This is accomplished by 
providing a teflon plugged conax fitting. This remained vacuum 
tight while allowing the thermocouples to be moved up and down 
the condenser tube. 
+ 
The thermocouple was merely a rough indicator of the oscillation 
region. 
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The whole apparatus was insulated (see Figure 2) with fiberglass 
to reduce the heat leak from the boiler section so that the moni- 
tored power to the immersion heaters (less than 1000 watts) indi- 
cated the steam rate into the condenser. The steam rate was con- 
trolled by adjusting the power to the immersion heaters by means 
of a variable autotransformer. 
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EXPERIMENTAL PROCEDURE 
The apparatus has insulation covering the boiler section; 
therefore under load, it tends to assume an isothermal condition 
as it expels the original air in the boiler chamber space. This 
air is forced into the upper chamber compressing the original air 
in that chamber. In consequence, if this total air mass remains at 
or near ambient temperature,the gas laws may be used to compute the 
pressure achieved in the whole system at the steady state operation. 
To predict the steady state operating point, we need- 
1) The volume of the upper chamber 
2) The volume of air over water in the boiler 
Thus the volume of both chambers are carefully measured and a 
metered volume of water added to the lower chamber. It is then 
possible to vary the final (mean) isobaric state achieved in the 
system by controlling the initial pressure of the air in the system 
before heat addition. This is simply achieved by either adding 
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compressed air or evacuating to a lower pressure state. 
In most experimental runs, the final operating condition, 
assuming isothermal (humid) air in the upper chamber at the pre- 
vailing ambient laboratory temperature, was calculated and the 
initial partial pressure of air was charged into the experimental 
* 
The volumes of the condenser tubes themselves is negligible. 
** 
A pressure relief valve has been provided to relieve the stress 
in the glass sections at pressures below bursting. 
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vessels. The most propitious method of operation of this apparatus 
was to turn the power up to the initial level and allow the system 
pressure to climb towards the target pressure. This occurred as the 
air was compressed into the upper chamber and the saturation vapor 
pressure of the water in the boiler increased. When the required 
conditions were reached the cooling system started in order to 
achieve an overall steady state. 
It was soon discovered that the expected oscillations did occur 
in the condenser tubes; that these oscillations were apparently 
random in time and that these oscillations would occur over the full 
length of a condenser tube from its entrance, located at the junction 
with the boiler, to the top, located at the upper chamber. 
This produced an unexpected effect. When the steam rose to 
the upper chamber (see Figure 4) it mixed with the air in that cham- 
ber. Since no significant cooling supply was installed in antici- 
pating this effect, the thermocouple in this upper chamber showed 
gradual and continuous heating of the air in this chamber, the 
consequence of which was a continuous increase in the system pres- 
sure (see Figure 8 and 9). For this reason, the data were never 
completely in steady state and the initial hopes for a series of 
isobaric runs was not realized. 
The data taken were from fixed and movable thermocouples either 
inside the condenser tubes or for indicator purposes only, or the 
outside. Thus they read either the steam temperature if immersed in 
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steam or the air temperature if immersed in the air stream (Their 
transient response was of the order of a function of a second and 
the oscillation time scale was of order of minutes. These were 
therefore equilibrium temperatures.) These thermocouples were re- 
ferred to a thermocouple switch and an ice junction which was freshly 
prepared each day the apparatus was used. The signals were displayed 
on a two channel strip recorder which was also convenient for noting 
the date„time,absolute or gauge pressure,cooling air rate etc.... 
of that particular run. 
Data were taken at various power levels on the extent of the 
thermal oscillation in a condenser tube (by use of the traversing 
thermocouples). Readings were made of the absolute pressure of the 
apparatus, the temperature in the boiler and in the upper chamber 
above the condenser. For reasons which are to be discussed, the 
cooling air rate was not the most important variable. The oscil- 
lations were damped out by increasing the boiler power level. This 
has the following effects: 
(a) Increase of the steam entering a condenser tube and hence 
increasing the momentum flux carried by the steam. 
(b) Increase of the amount of condenser surface required in 
the steady state to completely condense all the steam. (This drove 
the steam-air interfaces towards the upper chamber.) 
(c) A gradual increase in the system pressure due to the net 
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heating of the air in the upper chamber for the reasons previously 
discussed. 
All three of these mechanisms lead to some reduction of the 
thermal oscillations in the condenser tubes. This will also be 
discussed in a subsequent section. 
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EXPERIMENTAL RESULTS 
The thermocouples were located at the strategic points indica- 
ted in Figure 3b. Thermocouple T2 was fixed in position at x = 25.4 
cm from the top of condenser tubes. Thermocouples T3 and T* are 
ganged together so that they may be moved in unison to any region 
of interest. In the data reported here, they were fixed at 40.6 cm. 
T^ was constrained to the centerline of the condenser tube and To 
was held by a teflon tensioning device against the inside wall of 
the condenser tube. It is anticipated therefore that it will read 
a somewhat lower temperature than T, in the vapor since it washed 
with subcooled liquid. Ty is a crude indicating thermocouple which 
can be used externally to either condenser tube for an indication of 
the location of the steam-air interface. The reservoirs, i.e. 
boiler and air chamber, were monitored via fixed thermocouples T-, 
and T5 respectively. Figure 5 is a sample strip chart recording of 
T3 which shows the temperature amplitude of the oscillation in the 
condenser tube. Firstly on changing the power level from fixed 200 
watts to a fixed 250 watts the oscillation, defined as the difference 
between the maximum and minimum recorded temperatures decreases. 
(The oscillation in this particular case is damped to zero at a 
power of 500 watts supplied to the boiler.) Secondly, the period 
of the oscillations are of the order of 4 per minute. Thus the 
thermocouple is reading an essentially steady temperature. Thirdly, 
the maximum recorded temperature of the trace is 94°C just 1.5°C 
below the saturation temperature corresponding to the system pressure. 
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(Thermocouple T* indeed read the saturation vapor temperature at the 
prevailing pressure.) Fourthly, the magnitude of the oscillation is 
about 18°C at maximum; since the air chamber temperature is only 29°C 
at this setting, the air and steam are mixed in the condenser tubes. 
This implies a condensing saturation pressure of about 4.28 xlO4 N/m^ 
or a concentration of air of (1-4.28x104/8.63x104) =0.504 mole 
fraction since the total recorded pressure is 8.63 xlO4 N/m^ at this 
state. 
The data presented in Figures 6 and 7 consist of curves which 
are the oscillations damped out by increasing the boiler power level, 
plotted as oscillation AT in terms of system pressure (see Appendix 
I). These data are obtained by arithmetically averaging the minimum 
temperature obtained during the oscillation cycle. One may note that 
To is a few degrees cooler than T» as previously explained. The ab- 
cissa in this graph is the local system pressure which is the satur- 
ation pressure and the pressure in the air reservoir, the latter via 
the gas laws and a knowledge of the initial temperature, pressure 
and volume of the air. 
The data of Figure 6 are replotted in Figure 8 and 9 and show 
the loci of the maximum and minimum temperatures in terms of time 
when there is a change in the boiler power level. The initial pres- 
sures were varied from 6.77x10 N/m to 10 N/m . Figure 6 shows 
that stability can be obtained when AT tends to zero and the steam 
flows into the upper chamber. The final pressures depend upon the 
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initial volume and pressure of air in the boiler and in the upper 
chamber. 
The average position of the steam-air interface moved up each 
time there was an increase of power. This phenomenon was shown by 
the thermocouples T~ and To. Thermocouple T~ was at 25.4 cm from 
the top of the condenser tube, while To was at 40.6 cm, so when the 
power is low at 200 w, the interface was often below the thermocouple 
T2 although there were still oscillations in this tube. At 200 watts, 
Figure 8 and 9 indicate that To has a minimum temperature average of 
31°C while To was at 62°C average. During the time the power was at 
250 w, the minimum temperature average of T?, 85°C, was greater than 
that of To, 77°C. This implies perhaps that the steam air interface 
level in the tube of T2 may be higher than that in the tube of To. 
The steam flowed over the top of the condenser tubes when the boiler 
power was raised to 500 w, indicating that the coolant air flow con- 
ditions were no longer adequate for the thermal load. Finally it 
is noted that data were taken of the spatial amplitude of the oscil- 
lation. These amplitudes were large, perhaps 50% of the condenser 
tube at some conditions. However, no systematic record were taken 
of these data. 
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DISCUSSION 
As previously introduced, the fundamental mechanism of this 
instability is the fact that the noncondensable gas phase is denser 
than the condensable gas phase. The situation is illustrated in 
Figure 10. The two parallel condenser tubes 1 and 2 are shown in 
which the column of steam is pseudo-steady at L , and L ? respect- 
ively from the top of the boiler. 
The inviscid steady state momentum balance for this situation is 
V & - - at - pv" -Ls <D 
0
 " " t - >& Ls«<L <2> 
where the subscripts v and G refer to the vapor and gas phase re- 
spectively. If the steam condensed in one tube has a local mass ve- 
locity G we can write 
1 dG2    dp /ox 
2^"^T= " -£-  pvg (3) 
from equation (1). Then integrating between z = 0 (G=G^, the inlet 
steam) and some point z<L 
P - pi = ^ (G?-G2) - pvgz (4) 
i 
where p. is the local pressure just within the condenser tube. This 
is simply related to the pressure p. in the boiler chamber by 
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Hence 
P - Pi = -If;- pV9Z      Z<Ls (6) 
Note in developing these equations we have considered p to 
be constant over L . Also note s 
PvG " Pi = ~ Pvg Ls W 
where p G is the vapor-gas interface pressure at z = L • Similarly 
from equation (2) 
P - PvG = - PQg(z-Ls)  where z>Ls (3a) 
or from (7) 
P - Pi = PGgLs(l - ^-) - PGgz    z>Ls (8b) 
If the overall heat transfer coefficient between the inside and out- 
side of the tube is U, the steam temperature is T , the coolant am- 
bient air is at T^, an approximate energy balance over the conden- 
sing section of the tube yields 
4U(T -T ) 
Gi - G =  Dhy z   where z<Ls (9) 
if the tube diameter is D and the latent heat of vaporization .is hf . 
The total boiler power (in the absence of losses) is also re- 
lated to G. (or L ) by the relations 1      s ( 
Q = ^hfg(Gil+Gi2) (10a) 
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for the tubes or 
Lsl + Ls2 " wDUCT -T ) <10b> V   oo' 
Note L , and L 2 a^e fixed in relation to one another by equa- 
tion (10b) if the steam rate is fixed into the boiler. 
Using equations (9) and (6) gives 
p
 "
pi = " 2F7(1 -C> " pv9Z z<Ls '"> 
V 
or from (9) again 
8U2(T -T ) 2 
It is easy to estimate the size of the momentum term G?/2p in equa- 
tions (11) or (12) from the conditions of the experiment. For the 
case of maximum steam flow in which ~ 50/50 loading in the condenser 
tubes 
— ~ 0.5 N/m2 2
^v 
compared to 
pyg Ls~ 1 N/m2 
for the hydrostatic term. Clearly lower pressures and longer con- 
denser tubes will enhance the significance of momentum terms versus 
hydrostatic terms. 
For those condenser tubes, at sufficient pressure or low 
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enough mass velocity, the approximate pressure profiles are 
P - Pn- = - Pvgz (13) 
for z<L 
s 
p
v 
P - Pi = PGg Ls(l - —) - pGgz (14) 
for z>L ~\ 
The profile of equations (11) and (8b) is plotted in Figure 11 
for a single condenser tube. The upper plenum pressure has been ar- 
bitrarily assumed to be at zero pressure. The slope of the pressure 
gradient for z = L is always of smaller absolute magnitude than that 
for z>L due to the lower density of the vapor to gas. 
Naturally the momentum contribution is greatest at z= 0 and 
hence the slope given by equation (11) may or may not be greater than 
that corresponding to equation (8b). Note also at z = 0 the momentum 
2 
contribution of G-/2P between the plenum pressure p. and the inlet 
tube pressure p(0). Note also the greater the condensing length L 
the greater G- (equation 9) and hence this intercept increases as 
L increases and vice-versa. 
Consider now a situation in which two condenser tubes are work- 
ing in parallel with L -, = L 2> Figure 12. Now suppose the system is 
perturbed so that L , is increased by AL and L ~ is decreased by AL 
according to equation (10b). The resulting situation is depicted in 
Figure 12. The intercepts of the pressure profile at z= 0 are points 
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(a), (b), and (c) where 
Gi2 
(a)
 ^ 
Pi - 2^ 
(b) -> p. - ^- (—2—) 
Gil (c) ■> p   1] 1
  
2p
v 
As shown G.,>G.2 since 
Lsl(=Ls+ALs'>Ls2(=Ls-iLs' 
Note the effect of perturbation is to cause the pressure at any 
location in tube (1) to exceed that in tube (2) if z<L+AL or to 
equal   it if z>L +AL   . 
l .e. 
p1(z)<p2(z)  for  z<L$+ALs 
p^z) = p2(z)  for  z>Ls+AL$ 
Thus the observed slow motion of the interface will tend to reduce 
the pressure in the more effective condenser relative to the less 
effective condenser tube. In consequence, the stable situation will 
occur when tube (1) is condensing all of the vapor and tube (2) none. 
Presumably if the condensing requirements exceed that of a single 
condenser tube, i.e. Ln+L 2>L the situation which promotes insta- 
bility will occur. 
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CONCLUSIONS 
Unsteady condensation in parallel upflow condensers containing 
non-condensable gas was studied and the following results were ob- 
tained: 
1. The instability is due to the non-condensable gas phase 
which is denser than the condensable vapor phase. 
2. The pressure profiles guarantee instability in the 
system. 
3. The instability is affected by increasing the momentum 
flux of vapor delivered to a condenser tube. This is 
accomplished by increasing the condenser tube length or 
by lowering the condensing pressure. 
4. The overall temperature or pressure levels depends 
on the initial volume of air in the boiler and upper 
chamber before heat addition. 
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NOMENCLATURE 
D       = condenser tube diameter 
g       = gravitational acceleration 
G       = local mass velocity 
G - ,G. -. »G >2 = local mass velocity at the inlet steam and in tubes 
1 and 2 respectively 
hfn      = latent heat of vaporization »fg 
-  length of condenser tubes from the top of the boiler 
to the bottom of the upper chamber 
L ,L-,,L 2 
=
 pseudo steady level of vapor-gas interface from the 
top of the boiler and of tube 1 and 2 respectively 
AL = perturbation of condensing length 
p = pressure 
p. = pressure in the boiler chamber 
i 
p. = local  pressure just within the condenser tube 
p „ - vapor-gas  interface pressure 
Q = total  boiler power 
T        - = steam temperature 
lm = coolant ambient air temperature 
U = overall  heat transfer coefficient between the inside 
and outside of the tube 
v = vapor velocity 
z =   axial   coordinate 
Pp'Pv =   9as and vapor density respectively 
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